The effects of thermal exposure at 600
Introduction
During long-term service in conditions of supercritically heated and pressurized steam, the welded joints of creep-resistant steels are known to undergo gradual degradation of their microstructures and mechanical properties [1, 2] . Moreover, individual regions of the welds, namely the base material (BM), weld metal (WM) and heat-affected zone (HAZ) degrade very specifically which consequently leads to their strongly differing properties [3, 4] . The situation becomes even more complex in the case of dissimilar welds, i.e. the welded joints between chemically different steels which are very frequent in power engineering [5] [6] [7] [8] . For instance, the dissimilar welds combined of lower and higher chromium ferritic steels, such as T24/T92 welded joints can be used in a number of steam generator circuits. The T24 steel is a low-alloy 2.25Cr-1Mo *Corresponding author: tel.: +421 55 792 2447; fax: +421 55 792 2408; e-mail address: lfalat@saske.sk base tempered bainitic steel modified by small additions of V, Ti, Nb, and B. It has been designed for welding of steam evaporators in the form of membrane walls operating at 550-580
• C [9] [10] [11] . Microstructural evolution and mechanical properties of T24 steels during long-term ageing and/or creep exposure have been widely studied by many authors [10] [11] [12] [13] [14] [15] [16] . These studies revealed precipitation of several secondary phases in T24 base materials and their welded joints such as MX, M 2 C, M 6 C, M 7 C 3 , and M 23 C 6 , where M stands for various metallic elements, e.g. V, Nb, Ti in MX; Mo in M 2 C and M 6 C; and Cr in M 7 C 3 and M 23 C 6 ; X = C, N). Moreover, it has been found out that long-term thermal exposure of T24 material leads to privileged carbide precipitation on grain boundaries, additional precipitation of M 2 C carbides, the enriching of MX carbonitrides with molybdenum and recovery processes of tempered bainitic microstructure [10] . The T92 steel is a 9Cr-0.5Mo-1.8W base tempered martensitic steel with minor additions of V, Nb, and B, developed during the late 1990s through chemical composition modification of T91 (9Cr-1Mo base) steel, aimed for the improvement of high temperature creep strength [17, 18] . Its main application area covers thick-section boiler components such as headers and main steam pipeline. Commonly, the T92 tubes are used for linking reheaters and superheaters up to 620
• C. The microstructure of P/T92 base material is typically formed of tempered lath martensite with finely dispersed intragranular MX (M = V, Nb; X = C, N) carbonitrides and intergranular M 23 C 6 (M = Cr, Fe) carbides at grain, block, and lath boundaries [17] [18] [19] [20] [21] . The most significant microstructural change in Grade 92 steels during their long-term ageing and/or creep exposure is the additional precipitation of intermetallic Fe 2 (W, Mo) based Laves phase, typically in the vicinity of M 23 C 6 carbides [19] [20] [21] [22] [23] [24] .
Generally, the long-term holding of dissimilar weldments at elevated temperatures induces microstructural changes in individual steels including carbon and nitrogen redistribution [25, 26] . Therefore, Ni-based transition weldments, i.e. the dissimilar welds with Ni-based weld metal (Ni WM) serving as diffusion barrier are frequently used for suppression of interstitial elements migration [27] .
Besides thermally induced degradation, the embrittlement of ferritic steels and their welded joints by the absorbed hydrogen, i.e. hydrogen embrittlement may be an issue in power generation plants [28, 29] during their cooling below 150
• C after regular shut-downs or on the low-temperature side of the reactor or boiler equipment. Hydrogen dissolved in steels can lead to low threshold stress intensity for crack propagation at ambient temperature in tensile stress conditions resulting in so-called hydrogenassisted cracking (HAC). Several hydrogen acting mechanisms, e.g. hydrogen enhanced localized plasticity (HELP), hydrogen enhanced decohesion (HEDE), adsorption-induced dislocation emission (AIDE) and hydrogen enhanced strain induced vacancy formation (HESIV) have been proposed to interpret various forms of hydrogen embrittlement [30, 31] . The role of hydrogen accumulation in steel matrix and/or at precipitate/matrix interfaces on the formation of cracks has also been widely discussed in the literature, e.g. [32] [33] [34] . However, due to the great complexity in materials characteristics, testing, and environmental conditions, it is necessary to investigate each failure caused by hydrogen individually.
In our previous study [35] the effects of electrolytic hydrogen charging on the notch tensile properties and fracture behaviour of individual microstructural regions of dissimilar weld joints between several Cr-Mo--V ferritic and Cr-Ni-Mo austenitic steels in PWHT conditions were investigated. The additional influence of long-term ageing prior to hydrogen charging of dissimilar ferritic/austenitic weldments on their mechanical and fracture characteristics was studied in [36] . The present work investigates correlations between microstructure, mechanical properties and fracture behaviour of individual HAZ regions of T24/T92 transition weldment in conditions after PWHT and long-term ageing without or with subsequent hydrogen charging.
Experimental procedure
The T24 and T92 steels tubes of 38 mm in their outer diameter and 5.6 mm of their wall thickness were circumferentially welded by tungsten inert gas method using Ni-based filler metal Nirod 600. This "Inconel--type" alloy is commonly used for welding of dissimilar or difficult to weld steels. The chemical composition of individual input materials used for the production of experimental weldments under investigation is given in Table 1 .
Produced dissimilar weldments were initially subjected to PWHT at 720
• C for 2 h with subsequent passive cooling in tempering furnace. The first series of prepared T24/T92 Ni-based transition weldments was investigated in its PWHT state. Preliminary estimation of local mechanical properties of the studied weldment configuration was performed by its cross-weld Vickers hardness measurement at room temperature using a load of 98 N. The next two series of the produced weldments were isothermally aged at 600
• C for 1000 and 5000 h, respectively. Microstructure evolution and mechanical properties degradation depending on thermal exposure duration were determined by metallographic analysis and room-temperature tensile tests, respectively. Thermodynamic calculations were performed using the software Thermo-Calc [37] and thermodynamic database (Alternatively, the T92 HAZ region was V-notched.)
STEEL16 [38] to predict phase equilibria in long-term aged material states and to support the experimental findings. From the weldments of all heat-treated states (i.e. PWHT, 600
• C/1000 h, 600
• C/5000 h), cylindrical tensile specimens (4 mm body diameter, 40 mm gauge length, and M6 head) were machined. The body surfaces of cross-weld tensile specimens were macroetched in a 3% Nital solution in order to distinguish between individual dissimilar materials of the weldments. Applying the mentioned etching solution, the T24 material became etched, whereas Ni WM and T92 materials remained un-etched. Next, the tensile specimens were circumferentially "V"-notched. The notch was alternately located within individual coarse--grained HAZ regions (over-heated zones) of produced cross-weld specimens, i.e. either in T24 HAZ or in T92 HAZ (see Fig. 1 ).
One portion of the notched tensile specimens in all heat-treated states was subjected to tensile testing in the condition without hydrogen charging. The remaining specimens were subjected to electrolytic hydrogen charging at ambient temperature prior to the tensile testing. The specimens were cathodically pre-charged with hydrogen for 24 h in a solution of 1M HCl with 0.1N N 2 H 6 SO 4 at a current density of 200 A m −2 . The used experimental technique was optimized by our previous experience [35] which indicated full saturation of tensile samples by hydrogen after 24 h of electrolytic charging. Immediately after the hydrogen charging, room temperature tensile tests were carried out at a strain rate of 2.1 × 10 −4 s −1 allowing the investigation of hydrogen effects for short-term loading conditions. From performed mechanical tests the values of notch tensile strength (Rm V ) and reduction of area under the notch (RA V ) were evaluated as average values from three individual measurements for each material state. Microstructure and fracture analyses of broken tensile specimens were carried out using light microscopy (LM) and scanning electron microscopy (SEM) linked with energy dispersive X-ray (EDX) analysis. 
Results and discussion

Microstructure in PWHT state
General view on light-optical microstructures of T24 HAZ and T92 HAZ regions of studied dissimilar weldment in its initial PWHT state is documented in Fig. 2 .
The main difference between the individual HAZ microstructures is obviously related to the size of prior austenitic grains in HAZ close to Ni WM. Moreover, Figs. 3 and 4 show the detailed SEM images of both the HAZ regions, indicating their additional differences in density and distribution of secondary phase precipitates. The T24 HAZ exhibits significantly higher grain size and lower density of precipitates (Figs. 2a and 3) . In contrast, the T92 HAZ shows much finer microstructure due to the higher density of secondary phase particles, hindering the grain growth during the welding thermal cycle (Figs. 2b and 4) . Detailed microstructural analysis of Nirod 600 weld metal was performed in our previous studies on T92/TP316H weldments [39, 40] .
Mechanical properties and microstructure evolution
Preliminary determination of local mechanical properties of studied T24/T92 weldment in PWHT state was carried out by cross-weld hardness profile measurement (see Fig. 5 ).
The obtained hardness profile clearly indicated the over-heated T24 and T92 coarse-grained HAZ regions located next to Ni WM to be the most critical regions with respect to their highest hardness values within the whole weldment. The observed hardness peaks can be related to the highest level of transformation hardening in these regions due the maximal alloying effect in corresponding microstructures heated up to the highest peak temperatures during the welding thermal cycle [41] . Moreover, it has been shown in many studies, e.g. [40, 42, 43] that hardness peaks in the welds over-heated regions remain still present even after long-term thermal or creep expositions. Therefore, in the present investigation, all experimental work was focused on these critical HAZ regions. The results of room-temperature notch tensile tests of individual HAZ regions of T24/T92 weldments in different material states with regard to the heat treatment condition (PWHT, 600
• C/5000 h) and the application of hydrogen charging are graphically illustrated in Fig. 6 .
From Fig. 6a it is visible that the values of notch tensile strength (Rm V ) of both T24 HAZ and T92 HAZ regions in condition without hydrogen charging show noticeable initial increase after 1000 h of thermal exposure at 600
• C, followed by their gradual decrease with further increasing of ageing time up to 5000 h. This result correlates well with findings of Mohyla and Foldyna [11] who observed the similar tendency of hardness values in over-heated coarse-grained HAZ of their homogeneous T24/T24 weldments subjected to PWHT at 750
• C for 2 h and subsequent long-term ageing at 550
• C. In accordance with literature data, e.g. [10, 11] , the initial hardening and subsequent softening effects in T24 HAZ also observed in present study can mainly be related to the additional fine precipitation of MX and M 2 C strengthening precipitates, followed by the loss of hardening effects with increasing ageing time due to the coarsening of Cr-rich carbides on grain boundaries, additional formation of Mo--rich M 6 C carbides resulting in depletion of Mo atoms from solid solution and dissolution of a part of fine MX dispersions. On the other hand, a variation of Rm V values of T92 HAZ with annealing duration without application of hydrogen charging was rather insignificant (Fig. 6a) . It can be assumed that the secondary hardening effects from additional fine precipitation of MX and Laves phase precipitates at the initial stage of their formation were compensated by the softening effects of recovery processes of the tempered martensitic microstructure of T92 HAZ together with coarsening of intergranular M 23 C 6 carbides and Laves phase particles with increasing ageing duration. The coarsening of secondary phase precipitates during long-term ageing seems to be the general reason for decreasing plasticity [44] , see RA V values in Fig. 6b . Moreover, enhanced degradation processes in HAZ regions can be related to their welding-induced non-equilibrium thermal history resulting in high driving force for the observed microstructural changes [45] . SEM images in Figs. 7 and 8 demonstrate that after long-term ageing at 600
• C for 5000 h, the microstructures of both T24 and T92 HAZ regions show obvious microstructural changes in terms of coarsening of intergranular chromium carbides (M 7 C 3 and/or M 23 C 6 ) accompanied by the additional precipitation and coarsening of newly formed phases, namely the Mo-rich M 6 C carbides in T24 HAZ and Fe 2 (W, Mo) based Laves phase in T92 HAZ, respectively.
These phases with high average atomic numbers, due to the presence of Mo in their crystal structure, were clearly distinguished from other carbide phases with relatively lower average atomic numbers using the back-scattered electrons mode in SEM (see Figs. 7b and 8b) . The presence of these secondary phases in T24 and T92 microstructures was also confirmed by thermodynamic calculations using ThermoCalc (Fig. 9) .
Hydrogen charging of T24/T92 weldments in all heat-treated states (PWHT, 600
• C/1000 h, and 600
• C/5000 h) resulted in remarkable hardening effects on the notch tensile strength and significant detrimental effects on the plasticity of both studied HAZ regions (see Fig. 6 ). The observed strengthening effects can reasonably be correlated with interactions between absorbed hydrogen and free dislocations and/or precipitate/matrix interfaces in tempered bainitic T24 HAZ and tempered martensitic T92 HAZ microstructures. It is well-known that pinning of dislocations by both absorbed hydrogen and secondary phase precipitates may result in hardening effects in steels and other alloys [46] . On the other hand, deleterious effects of hydrogen on RA V values were clearly observed in both T24 HAZ and T92 HAZ regions in all heat-treated states of the studied weldment (see Fig. 6b ). The origin of plasticity deterioration in the heat-treated states without application of hydrogen charging is generally known to be related to the thermal degradation of the microstructure. However, in the case of combined effects of thermal and hydrogen embrittlement, the situation is much more complex. There are plenty of different microstructural sites in steels such as grain boundaries, free dislocations, precipitates and inclusions which may interact with absorbed hydrogen and thus make effects on the resulting tensile properties and fracture behaviour. Figure 6b indicates that the effect of additional carbide precipitation and/or coarsening during long-term thermal exposition may even have a slight positive effect on the resulting plastic properties through a certain suppression of hydrogen embrittlement by the mechanism of hydrogen trapping at the carbide/matrix interfaces, described also in many other studies [47] [48] [49] [50] . These irreversible hydrogen traps can bind up free atomic hydrogen within the crystal lattice. The occurrence of this phenomenon in the present investigation can be supported by the observation that the relative difference in RA V values between the hydrogen free and hydrogen charged specimens decreases gradually with increasing ageing time (Fig. 6b) . However, besides the increase of irreversible hydrogen traps in the form of additional precipitation during long-term annealing, the decrease of reversible hydrogen traps such as free dislocations leading to partial softening effects in tempered T24 and T92 HAZ microstructures could also contribute to the observed decreasing level of their total embrittlement (Fig. 6b) . Thus it seems that the influence of hydrogen charging on the plasticity with increasing duration of thermal exposure decreases and the dominance of thermal embrittlement increases.
Fracture behaviour
SEM fractographs of fresh fracture surfaces of individual HAZ regions of studied weldments in different material states with respect to the heat treatment condition and application of hydrogen charging are visualized in Figs. 10-12 . Figure 10 shows fracture surfaces of T24 HAZ and T92 HAZ regions in initial PWHT state without hydrogen charging. Both fracture surfaces exhibit majority of ductile dimples with different sizes and morphologies.
The region of T92 HAZ also shows some minor portion of transgranular quasi-cleavage. After the ageing at 600
• C for 5000 h, the fracture surface of T24 HAZ still exhibits ductile dimples but also the in- creased amount of quasi-cleavage fracture initiated on the large secondary phase particles and/or inclusions (see Fig. 11a ). Similar fracture behaviour of HAZ regions was observed during tensile straining of low alloy steels weldments [51] . In contrast, the same conditions of thermal exposure resulted in significant changes of T92 HAZ fracture mode, manifested mainly by the transition from ductile dimple fracture in PWHT state (Fig. 10b) to the mixed fracture mode consisting mainly of transgranular quasi-cleavage and a small portion of intergranular decohesion (Fig. 11b) . The occurrence of some intergranular facets on the fracture surface of T92 HAZ can be correlated with intensive secondary phase precipitation during longterm thermal exposure including intermetallic Laves phase formation in the vicinity of intergranular M 23 C 6 carbides and their coarsening (Fig. 8) . The coarsening rate of Laves phase is faster than that of M 23 C 6 carbides, and the finest MX particles seem to be thermally stable as their size and distribution do not un- dergo any significant changes during the long-term ageing process [23, 24, 40, 41] . Figure 12 shows fracture surfaces of T24 HAZ and T92 HAZ regions of thermally exposed (600 • C/5000 h) and hydrogen charged weldments after room-temperature notch tensile tests. Both these fractographs exhibit qualitatively similar fracture features including transgranular cleavage facets and intergranular dimple areas.
The differences in size and portion of individual fractographic characteristics in individual HAZ regions can be correlated with their different microstructures (Figs. 7, 8 ) and mechanical properties (Fig. 6 ). According to specific morphological terminology for hydrogen embrittlement fracture features, described e.g. in [52] [53] [54] , the typical "fish-eyes" and "crows-feet" marks are clearly distinguishable on fracture surfaces of T24 HAZ and T92 HAZ, respectively. It can reasonably be assumed that the aged HAZ regions contain a higher concentration of hydrogen than base mate- rials under the same cathodic charging conditions. The higher solubility of hydrogen in the aged HAZ regions of steels may be interpreted in terms of an increased capacity of hydrogen trapping sites, namely the carbide/matrix interfaces [47] [48] [49] [50] , caused by the higher volume fraction of carbides formed in microstructures with the higher initial level of transformation hardening after the welding process. However, the hydrogen is well-known to be distributed in steels heterogeneously. In the local area, such as crack tip, microvoids, grain boundaries, matrix/particles interfaces and inclusions, the hydrogen concentration is very high. As the hydrogen migrates via diffusion paths, it encounters hydrogen traps where it is arrested, which leads to the increase in hydrogen concentration of the local area [55, 56] . If it exceeds a critical value under certain stress conditions, the crack may initiate there. Thus, the coarse precipitates of secondary phase particles and/or inclusions may act like cracking nucleation sites in hydrogen pre-charged HAZ regions (see Fig. 13 ). Mutually differing morphological characteristics of hydrogen assisted cracks observed in strained tensile T24 and T92 HAZs regions of thermally exposed (600 • C/5000 h) T24/T92 weldment can be directly related to their individual microstructural characteristics beneath their fracture surfaces. The observed microstructural and fracture features (Figs. 7, 8 and Figs. 10-12) in relation to the obtained mechanical properties of distinct HAZ regions (Fig. 6 ) indicated pronounced hydrogen embrittlement effects for both T24 HAZ and T92 HAZ of the weldment studied in the present investigation.
Summary and conclusions
Local mechanical properties and fracture behaviour of coarse-grained heat-affected zones of Ni-based transition weldments between T24 and T92 creep--resistant steels were investigated in relation to their microstructure evolution during ageing at 600
• C and the application of hydrogen charging. The obtained results can be summarized in the following conclusions:
-Hardness measurements across the studied weldment showed the steep hardness gradients within its individual heat-affected zones with the hardness peaks located in over-heated coarse-grained regions due to the highest level of transformation hardening.
-Long-term isothermal ageing at 600
• C of dissimilar T24/T92 weldment led to microstructural changes in its individual HAZ regions manifested by the coarsening of original Cr-rich carbides (M 7 C 3 and M 23 C 6 ) with additional precipitation of Mo-rich carbides (mainly M 6 C) and intermetallic Fe 2 (W, Mo) Laves phase in T24 and T92 HAZs, respectively.
-Notch tensile strength (Rm V ) values of both T24 and T92 HAZs without hydrogen charging exhibited initial increase after 1000 h of ageing at 600
• C, followed by their gradual decrease with increasing ageing duration up to 5000 h. This behaviour can be related to the additional precipitation of newly-formed secondary phases followed by their subsequent coarsening. In contrast, the values of reduction of area under the notch (RA V ) have experienced simple monotonous decreasing due to successive accumulation of thermal embrittlement effects with increasing ageing time.
-Hydrogen charging of T24/T92 welded joints in all heat-treated states (PWHT, 600
• C/5000 h) resulted in remarkable hardening effects on the notch tensile strength and gradual detrimental effects on the plasticity of both studied HAZ regions. However, the relative differences in RA V values between the hydrogen free and hydrogen charged specimens are always lower for T92 HAZ, compared to T24 HAZ. This indicates the higher resistance of T92 HAZ against hydrogen embrittlement which can be attributed to its higher precipitate density and thus hydrogen-trapping capacity.
-Fracture behaviour of the both studied HAZ regions of a T24/T92 weldment in initial PWHT state without hydrogen pre-charging was characterized by ductile tearing with different dimple size and morphology related to their specific microstructural features. Subsequent effects of long-term ageing caused noticeable changes in both the HAZs fracture behaviour. The region of T24 HAZ still exhibited ductile dimples but also an increased amount of quasi-cleavage fracture initiated on the large precipitates and/or inclusions. In contrast, the T92 HAZ has experienced a transition from ductile dimple tearing in its initial PWHT state to the mixed fracture mode consisting of transgranular quasi-cleavage and a small portion of intergranular decohesion.
-After hydrogen pre-charging before tensile testing, the both HAZ regions of thermally exposed T24/T92 weldment showed specific signs of hydrogen embrittlement on their fracture surfaces including transgranular quasi-cleavage areas with "fish-eyes" and "crows-feet" marks for T24 and T92 HAZs, respectively. The differences in individual fractographic morphological features of the specific HAZ regions correlate with their microstructural and mechanical characteristics obtained in conditions of the present study.
